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ABSTRACT
Groundwater aquifers make up the primary source of drinking water in Florida. It is
imperative to protect and maintain water quality to ensure optimal drinking water conditions.
Florida is known for being prone to sinkholes due to karst features. One sinkhole event occurred
beneath a phosphogypsum stack, and leaked a large amount of radioactive waste in the Floridan
aquifer, raising water quality concerns. To study the behavior of contaminant transport, the
radioactive waste plume was modeled by coupling hydraulic and chemistry concepts. Adsorption
was studied to see if it can serve as a potential remediation solution to the contaminant waste,
using available adsorption knowledge and data from previous studies. Results suggest that
simulating mineral adsorption helped limit how far the waste stack would travel in the aquifer,
however it would still pose risk in water quality, as drinking water wells are situated along the
path of the contaminant plume. Implementation of treatment wells and monitoring would ensure
drinking water criteria are met.
Acknowledging that the Floridan aquifer contains karst features that consist of limestone
fractures and the rock matrix, groundwater flow patterns may be influenced over time. For
instance, fractures (or conduits) can conduct larger amounts of groundwater at higher
conductivities, which could have implications on groundwater/contaminant transport. To model
this process, a karst evolution model utilizing hydraulic and chemistry concepts are applied in a
basin in Florida. Results indicate the karst model reproduces head profiles and estimates the age
of several conduits. A sensitivity analysis was conducted to investigate how karst evolution is
influenced by hydraulic and chemistry parameters. Results show that fracture length has more
influence on karst evolution, however other physical parameters show some influence as well.
iii

A karst conduit network was simulated for the Silver Springs springshed, based on
obtained potentiometric head data. Implementing information on aquifer chemistry and fracture
geometry resulted in a unique realization of a karst network. During this process, flow rates
change direction, inducing backflow, which can have implications on groundwater resources.
Overall, an improved understanding of karst processes can aid in better characterizing conduit
flow patterns and improve water resources management.
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CHAPTER 1: INTRODUCTION

1.1 Transport of radioactive water into the Floridan aquifer
Groundwater aquifers are an essential source of drinking water in Florida. It is estimated
that about 93% of Florida relied on groundwater for drinking water demands in 1995 (Marella,
1999), and consequently, aquifers should be protected against any source of contamination, such
as waste from industrial processes. In Florida, for example, phosphate rock is processed
industrially for fertilizer, and its byproducts are discarded as phosphogypsum stockpiles, known
as stacks (Rutherford et al., 1994), which are situated across various sites around Florida (Hull
and Burnett, 1996; Burnett and Elzerman, 2001). These stacks contain trace amounts of
radionuclides, such as radium, from the processing of phosphate rock, which could pose a threat
to drinking water quality and water resources should contaminants leak into the Floridan aquifer
(Rutherford et al., 1994; Tihansky, 1999). The radium is part of the uranium-238 decay series,
and is the major source of radioactivity in phosphogypsum, due to its long half-life (about 1620
years). Radon gas (222Rn), a decay product of 226Ra, is known to cause health problems
(Rutherford et al., 1995), highlighting waste management issues regarding gypsum stacks.
In addition, Florida is known for its karst terrain, due to the presence of carbonates and
limestones. As a result, Florida is prone to many sinkhole formations, primarily due to
dissolution, cover-subsidence, and cover-collapse mechanisms (Tihansky, 1999; Spechler and
Kroening, 2007). Percolating water (i.e., rainfall) enters the sediments and makes its way to the
carbonates. Given the water is acidic, carbonate dissolution takes place forming voids, cavities
and caverns in the carbonate rock, which induces sinkhole formation over time (Sinclair, 1982;
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Spechler and Kroening, 2007). A study in Orlando observed that the combination of downward
groundwater recharge and the decline of potentiometric head in confined aquifers contributed to
more frequent sinkhole formations (Wilson and Beck, 1992). These potentiometric head declines
may be attributed to increased human activity, such as groundwater pumping, which eventually
induces new sinkholes (Sinclair, 1982; Newton, 1986; Tihansky, 1999; Shoemaker et al., 2004).
In some cases, these sinkhole occurrences can lead to the formation of several lakes, which
creates additional flow and recharge paths for surficial water, as seen in Florida (Spechler and
Kroening, 2007).
Sinkholes can form in many sizes, and are known to cause significant damage to
infrastructure, such as buildings, bridges, homes, and roadways, which can lead to financial
losses. Financial losses due to sinkholes have been estimated to be about $1.4 billion from 2006
to 2009 in Florida (Floir, 2010). In addition, sinkholes can also have adverse impacts to
environmental and water resources (Tihansky, 1999). For instance, a sinkhole forming beneath a
gypsum stack would cause the stacks to leak radioactive contamination into the aquifers. It is
suggested that sinkhole formations affect 15% of the global land area (Wilson and Beck, 1992).
Thus, there is an interest in understanding and characterizing radioactive contaminant behavior
in groundwater settings to observe if natural water resources are being harmed. To explore this
further, a recent sinkhole formation in Florida was studied.
In 2016, a sinkhole located precisely beneath an acidic phosphogypsum stack formed
under central Florida’s karst terrain, leaking the waste into the Floridan aquifer, which is mostly
confined. This raised immediate concern over water quality in and around surrounding areas.
The Floridan aquifer naturally contains small amounts of radioactive materials (Miller and
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Sutcliffe, 1985; Szabo et al., 2012), therefore, continuous monitoring and modeling the transport
of the contaminated waste is vital to ensure drinking water criteria (i.e., maximum contaminant
levels, MCL) are met and to better manage treatment practices. According to the Florida
Department of Environmental Protection (FDEP) and the United States Environmental
Protection Agency (USEPA), the MCL of radium (including 226Ra and 228Ra) for drinking water
is 0.185 Bq/L (5 pCi/L). Recovery wells can be used to pump and discard contaminant waste
from aquifers, that way, pre-sinkhole conditions are restored. However, the solution may be
expensive (e.g., $6.8 million), and several years may be required to remove aquifer
contamination (Fuleihan et al., 1997).
The transport behavior of contaminant plumes, in the absence of karst conduits, can be
modeled using geochemical software, based on hydraulic and hydrologic conditions of the site
(Sandhu et al., 2018). The chemical process adsorption can then be mimicked as a potential
measure to help remediate the radioactive contamination. Previous studies indicate adsorption to
be a potential remediation solution to contamination problems (Clifford et al., 1988; Mishra and
Tiwary, 1999), and can be simulated by using sorption data of natural minerals (Jambor and
Dutrizac, 1998; Jones et al., 2011; Sajih et al., 2014). Here, adsorption is focused more in detail,
although other conventional water treatment processes include reverse osmosis, sodium cation
exchange, lime soda ash softening, and iron removal (Miller and Sutcliffe, 1985).

1.2 Modeling karst dissolution and evolution
However, recognizing that the Floridan aquifer contains karst features that consist of
limestone fractures and the rock matrix, groundwater flow patterns may be influenced over time.
3

In addition, these flow patterns may change with changing climate and anthropogenic activities
(Sandhu et al., 2016; Tahsin et al., 2016; 2018). Due to the high presence of carbonate rock (i.e.,
karst limestone) in the aquifer, dissolution is propagated continuously. As time progresses, this
can lead to the formation and evolution of conduits (Hanna and Rajaram, 1998; Andre and
Rajaram, 2005). Fractures (or conduits) can conduct larger amounts of groundwater at higher
conductivities, which could have implications on groundwater/contaminant transport, and also
seawater intrusion (Xu et al., 2016). Thus, understanding and characterizing karst features are of
interest as they comprise about 20% of the Earth’s surface (Palmer, 1991; Ford and Williams,
2007; Ronayne, 2013).
Previous studies have applied dissolution chemistry along with hydraulics to simulate
karst evolution in groundwater settings, in the form of numerical models (Dreybrodt, 1996;
Kaufmann and Braun, 1999; Kaufmann, 2009). The dissolution mechanism implemented in these
models were based from prior chemistry experiments, which suggested modeling fast low-order
and slow high-order reaction kinetics to accurately represent fracture enlargement (Dreybrodt,
1990; Palmer, 1991).
Furthermore, the head profiles from these conduits can be computed and plotted over
time as conduits expand, to see if the head profiles match observed profiles. Interestingly,
matching a modeled head profile with an observed head profile would provide information on a
conduit’s age. In this study, the karst model is applied to the Silver Springs springshed in Ocala,
Florida to investigate how conduits emerge from initial fractures. In addition, the head profiles of
these conduits will be computed and matched with observed profiles to see if a conduit’s age can
be inferred.
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As karst evolution employs various chemistry and hydraulic parameters, a sensitivity
analysis is conducted to study which parameter(s) influences karst evolution the most. Karst
features evolve depending on the initial conditions specified in the model. Thus, the evolution of
karst features in Florida may vary from karst features elsewhere. Prior studies show karst
conduits evolving at different rates based on initial values (see e.g., Dreybrodt, 1996; Kaufmann
and Braun, 1999). As conduits enlarge, flow patterns change. In other words, flow is initially
laminar, then a conduit enlarges to a point such that flow becomes turbulent. This point is
commonly referred to as the breakthrough (Dreybrodt, 1996; Clemens et al., 1996; Dreybrodt
and Gabrovsek, 2000; Perne et al., 2014). Essentially, this transition in flow regime is a function
of chemistry and hydraulic variables and can dictate how karst evolves in aquifer environments.

1.3 Karst conduit network simulation
Models that simulate karst conduit evolution in one-dimension can be expanded to
simulate a collection of conduits representing a karst network in two-dimensional space. To
improve the understanding of cave systems, early studies conducted cave explorations to study
cave morphology and to collect data (White, 2002; Florea et al., 2003). Over time,
comprehensive field studies concluded that cave systems originate from initial fractures and
experience limestone rock dissolution from flowing water. In addition, several patterns of cave
formations have been observed and categorized (Palmer, 1991). Later, studies focused on
defining dissolution rate laws that govern limestone dissolution, which would be later
incorporated into models. These kinetic rate laws are based from natural limestone systems
(Dreybrodt, 1990; Palmer, 1991).
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This knowledge paved the way to models that simulate karst conduit network evolution.
Due to the time scales in which karst aquifers evolve (which can range from tens or hundreds of
thousands of years) (White, 2002); and given that early, smaller cave systems are difficult to
characterize physically, simulating and modeling karst networks received greater interest. Karst
conduit network evolution under laminar flow conditions revealed that preferential flow paths
emerge along a pre-defined network (Groves and Howard, 1994), which implies that those flow
paths are least resistant to flow (Groves and Howard, 1994; Howard and Groves, 1995; Siemers
and Dreybrodt, 1998). Depending on aquifer characteristics, karst conduits within a network
evolve at different rates, due to the high heterogeneity of karst aquifers (Pardo-Igúzquiza et al.,
2012). In the case of turbulent flow, network flow paths become less preferential and more
distributed within the network. Over time, this can lead to the development of distinct cave
formations. Recent studies attempt to reproduce karst networks based on stochastic methods to
improve accuracy (Pardo-Igúzquiza et al., 2012), while other studies suggest that conduit
network formation can govern solute transport (Ronayne, 2013). Observing how potentiometric
head levels change during conduit network simulation is a key aspect since head changes can
influence flow directions (Shoemaker et al., 2008). Changing flow directions can have
implications on groundwater resources (Gulley et al., 2011). Thus, exploring the response of
hydraulic head with evolving karst conduit networks can improve better water resources
management practices.
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1.4 Dissertation structure
This dissertation research focuses mainly on two topics. The first topic is to model the
extent of contaminant migration and to explore adsorption as a possible remediation solution
concerning gypsum waste stacks. Then, to further study the karstic nature of Florida, the next
topic is to implement a karst evolution model in a springshed in Florida to study how karst
features evolve under surrounding conditions to possibly infer conduit age and to discuss the
impacts it would have on physical processes. Finally, a karst conduit network is modeled in
central Florida to observe its dynamic nature and discuss some implications based on results. The
dissertation is structured as follows: Chapter 2 focuses on the fate and transport of radioactive
stack water following a sinkhole formation, Chapter 3 discusses the application of a karst
evolution model in a springshed in Florida and focuses on estimating conduit age based on head
profiles, Chapter 4 studies the sensitivity of karst evolution as function of several parameters.
Chapter 5 explores the simulation of karst conduit networks, and their implications, and Chapter
6 provides conclusions and discusses potential areas for further research.
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CHAPTER 2: TRANSPORT OF RADIOACTIVE WATER AND
IMPLICATIONS TO DRINKING WATER SUPPLIES

2.1 Introduction
The presence of phosphogypsum stacks can be harmful to natural aquifers, potentially
contaminating and degrading groundwater below that may serve as a source of drinking water.
The gypsum in phosphogypsum stacks is created as a by-product after phosphorous acid is
obtained from natural phosphate rock deposits and processed in industrial facilities, and these
stacks contain radionuclide amounts, in the form of radium (Burnett and Elzerman, 2001).
Central Florida is home to numerous gypsum stacks and is also prone to sinkholes due to karst
geology (Fuleihan et al., 1997; Spechler and Kroening, 2007). In fact, Figure 1 shows the
number of reported sinkholes, which mostly occur in west and central Florida. In September
2016, a sinkhole spanning 13.7 m (45 ft) in diameter damaged the liner system at the base of a
phosphogypsum stack, causing an opening that allowed an estimated 813,000 cubic meters (215
million gallons) of waste fluids to leak into the Floridan aquifer (location shown in Figure 2),
immediately raising concerns over the extent of radionuclide contamination to the area’s
drinking water supply. A sample photo of the sinkhole formed in the phosphogypsum stack is
shown in Figure 3 (O’Donnell, 2016). As can be seen, the gypsum stack water, containing trace
amounts of radionuclides leaked into the Floridan aquifer. A direct aerial view of the same
sinkhole is shown in Figure 4 (O’Donnell, 2016).
The owner of the phosphate fertilizer facility, Mosaic Company, near the area of
Mulberry, Florida, acted promptly to prevent further migration of byproducts from the phosphate
rock into the aquifer. The FDEP and the USEPA define the maximum contaminant level of
8

radium (226Ra and 228Ra) for drinking water as 0.185 Bq/L (5 pCi/L). Naturally occurring
amounts of radium in soils may vary by location and terrain configuration. For example,
observed radioactive quantities in the nation’s aquifers vary from 0.037 to 0.185 Bq/L (1-5
pCi/L) (Szabo et al., 2012). However, it has been observed that water samples from wells in
Sarasota County, Florida, contained high levels of radioactivity (as high as 110 pCi/L), in the
form of 226Ra (Miller and Sutcliffe, 1985).
In general, gypsum stacks, which include phosphogypsum stacks, are acidic with pH
levels varying from 1.5 to 2.0. They also contain high concentrations of fluoride, sulfate,
phosphate, and sodium (Fuleihan et al., 1997). Therefore, a sinkhole occurrence beneath a waste
stack may cause radionuclides to leak and migrate in the aquifer. It is necessary to monitor and
sample total radium contamination in potentially affected aquifers to ensure safe drinking water
requirements are met.
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Figure 1 – List of reported sinkholes up to 2015 (Florida Geological Survey / Florida Department
of Environmental Protection).
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Figure 2 – Location of the sinkhole as depicted by the blue star, and the general direction of
groundwater flow shown by the yellow arrow. The area circled in black represent approximate
well locations. The dashed area in purple is a conceptual representation of the zone of influence
of the plume after 20 years, based on advection, diffusion, and adsorption. The zone of influence
would be smaller if any wells in the region are active. (Figure created using ESRI ArcGIS 10.0
software, https://www.esri.com/en-us/arcgis/about-arcgis/overview. World Imagery basemap is
included in ArcGIS 10.0 and is attributed to ESRI, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community).
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Figure 3 – Sample photo by Tampa Bay Times of the sinkhole formation on top of the
phosphogypsum stack (O’Donnell, 2016).
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Figure 4 – Sample aerial view by Tampa Bay Times of the same sinkhole formation shown in
Figure 3 (O’Donnell, 2016).
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A prior incident, also in central Florida, happened in 1994, in which a sinkhole collapse
occurred near a phosphogypsum stack. At that time, to ensure the Floridan aquifer was protected
from contamination, angle drilling and cement grouting injection at the throat of the sinkhole
ahead of the aquifer were conducted. Also, surrounding recovery wells were utilized to extract
and discard contaminated water flowing in the aquifer. Fuleihan et al. (1997) argued that the
contaminated water was contained on site and pre-sinkhole conditions were restored (with an
estimated cost of $6.8 million, which translates to $10.5 million in 2018), however they noted
the production wells may take additional years to remove the contaminants from the aquifer
(Fuleihan et al., 1997). Some other conventional water treatment methods include reverse
osmosis, sodium cation exchange, lime soda ash softening, and iron removal (Miller and
Sutcliffe, 1985).
It has been suggested that the geology and associated minerals of Florida can enhance the
understanding of contaminant behavior in soils (Jones et al., 2011; McCartan et al., 1988). For
instance, knowing the distribution of minerals is needed to predict the transport behavior of
radionuclides, in particular, radium. Minerals can be characterized by geochemical reactions that
explain processes such as adsorption, precipitation, and complexation, which can play a part in
their advective and diffusive transport. It has been previously noted that the adsorption process
governs radium dissolution at small concentrations (Jones et al., 2011). Adsorption can be
simulated by modeling the reactions and transport behaviors of the radionuclides with the
minerals. The minerology of southwest central Florida, within the general vicinity of the study
area, has been studied. According to X-ray diffractions (XRD) from core samples, the
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mineralogy is comprised of mostly calcite and dolomite, with some clay minerals in between
(McCartan et al., 1988).
Various models have been developed and used to quantify the geochemistry and transport
of elements in groundwater systems. Some examples are WATEQ4F, pH-REdox-EQulibrium
(PHREEQC) (from the United States Geological Survey, USGS) (Parkhurst and Appelo, 1999),
the Geochemist’s Workbench, and Metal Speciation Equilibrium for Surface and Ground Water
Model (MINTEQA2) (from USEPA). The PHREEQC model is of interest for this study because
of its common use and extensive transport modeling capabilities. Data from Dzombak and Morel
(1990) is incorporated by PHREEQC to model surface complexation. Their database contains
sorption reactions for the mineral hydrous ferric oxide (Dzombak and Morel, 1990; Zhu and
Anderson, 2002). The PHREEQC transport module is governed by the one-dimensional
advection-diffusion equation (Thyne, 2007; Parkhurst and Appelo, 2013). Previous studies have
used the PHREEQC model to study the behavior or radionuclides in coastal Brazil (Almeida, et
al., 2004; Lauria et al., 2004), geochemistry in Mexico (Gonneea et al., 2014), and radionuclide
transport in Germany (Nitzsche and Merkel, 1999). For example, Navarro and Carbonell (2008)
investigated aquifer contamination due to waste dumping by using PHREEQC to simulate
reactions, speciation, and transport in Spain (Navarro and Carbonell, 2008). PHREEQC was also
used to investigate the geochemical factors that led to radium activity levels in excess of the
USEPA limit of 0.185 Bq/L in Wisconsin. From that study, it was determined that it was
determined that sorption reactions that are assumed to control radium can also control barite
(Grundl and Cape, 2006), the precipitation of multicomponent solids can also have an impact on
contaminant remediation (Grundl and Cape, 2006), though not studied here. Zhu et al. (2001)
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constructed a transport model using PHREEQC to study groundwater plume attenuation in a
pond. Essentially, PHREEQC has the ability to model water and contaminant transport processes
and establish a connection with real world physical hydrogeochemistry (Appelo and Postma,
2005). In some cases, during the drinking water monitoring process, it may be necessary to
consider a sinkhole collapse event beneath radioactive gypsum stacks and the resulting transport
of radium in the aquifer due to both advection-diffusion and adsorption, since advectiondiffusion alone may not always be enough to explain radium concentration dilution. For this
study, we use the PHREEQC program to model the transport of radioactive material through the
groundwater aquifer system in central Florida.

2.2 Methods
Radium transport is modeled by considering the effects of advection, diffusion, and
adsorption using the PHREEQC model. In general, PHREEQC simulates one-dimensional
transport of contaminants by accounting for the element concentrations, which can be measured
from well samples. In addition, PHREEQC defines surface reactions that can mimic the
adsorption effect. In this study, several simulations are considered based on various possible
ways adsorption can occur in the Floridan aquifer, and the concentration of radionuclides is
monitored near the sinkhole site.
Table 1 lists the chemical reactions used for adsorption simulations. Specifically, the
concentration of radium is modeled to determine whether it exceeds the USEPA MCL. This is
accomplished by assessing how the radium concentration changes due to the effects of advection,
diffusion, and adsorption.
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Table 1 – Chemical reactions simulating surface adsorption, where ‘≡’ denotes a surface.
Mineral case
Carbonate
Ferrihydrite (weak surfaces)
Ferrihydrite (strong surfaces)

Reaction
Ra+2 + CO3−2 = RaCO3
≡OH + Ra+2 = ≡ORa+ + H+
≡OH + Ra+2 = ≡OHRa+2

Log K
2.50
-5.67
6.66

2.2.1 Study area description
The sinkhole occurred in Mulberry, Florida, approximately 30 miles outside Tampa.
According to Tampa Bay Times (O’Donnell, 2016), it was estimated that the sinkhole was 45 ft
(~14 m) wide and 300 ft (~91 m) deep. The sinkhole caused roughly 215 million gallons (900
million L) of gypsum to be dumped into the upper Floridan aquifer, the major source of drinking
water for the state.
The Floridan aquifer is mostly confined in central Florida (Miller, 1990), and consists of
carbonate karst terrain, which is prone to sinkholes. At roughly 300 ft (~91 m) below ground
level, the aquifer is comprised of Suwannee and Ocala limestone (Williams and Kuniansky,
2015). The soil within the property is primarily made up of fine sand and also clay, though to a
lesser extent. However, from this soil configuration, the carbonate minerals are relevant for this
study. Florida has a fairly flat topography, however as observed from the study site, groundwater
tends to flow in the west direction, towards Tampa Bay (see Figure 2).
In the general case for adsorption, the ferrihydrite mineral can serve to adsorb pollutants
in natural systems (Jambor and Dutrizac, 1998). In addition to advection and diffusion, this can
further help reduce concentrations of radium in aquifers. Furthermore, from previous studies,
iron oxyhydroxides are other common adsorbents found in nature due to their high surface areas
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and sorption capacities (Jambor and Dutrizac, 1998; Mishra and Tiwary, 1999). However, in the
southwest Florida vicinity, carbonate minerals, such as calcite and dolomite, are quite common,
and can be seen in the X-ray diffractogram (McCartan et al., 1988). Consequently, reactions of
radium with ferrihydrite, using available data, and carbonate were relied on to simulate
adsorption in this study.

2.2.2 Model description and data collection
PHREEQC simulates advection and diffusion as follows:
𝜕𝐶
𝜕𝑡

= −𝑣

𝜕𝐶
𝜕𝑥

+ 𝐷𝐿

𝜕2 𝐶
𝜕𝑥 2

−

𝜕𝑞

( 2.1 )

𝜕𝑡

where C is concentration in water, t is time, v is pore water flow velocity, x is the distance, q is
the concentration of the solid phase, and DL refers to the hydrodynamic dispersion coefficient
(𝐷𝐿 = 𝐷𝑒 + 𝛼𝐿 𝑣), where De is the diffusion coefficient, v is the pore water flow velocity, and αL
is the dispersivity (Parkhurst and Appelo, 1999).
In the PHREEQC model, the contaminant source is modeled as an instantaneous leak into
the aquifer through the sinkhole, followed by background groundwater flushing the contaminant
plume along the flow path. The exact amount of radionuclide waste that leaked into the aquifer is
unknown, but the normal stack condition concentration as reported by Mosaic to the FDEP
(2017) was 2.93 Bq/L as combined radium. To simulate a worst-case scenario, 3.70 Bq/L of
leakage is simulated. These values are used as the input concentrations at the sinkhole. The
model structure itself consists of a one-dimensional (1D) grid, discretized into a number of cells.
Each cell has a user defined length and time step. Before deciding on an adequate number of
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cells, a sensitivity analysis was performed to quantify the effect of different cell sizes on model
output, under the same chemical compositions. Figure 5 shows the concentration output from the
model as a function of cell size. As can be seen from Figure 5, the output concentration is
dependent on cell size when cell size is greater than 75 m, but is not sensitive to cell size when
cell size is reduced to 50 m. Therefore, a cell size of 25 m is used in this study. The
corresponding time step for a 25 m cell size is 1,644,737 sec, or roughly 19 days. This value is
important because should the plume approach the nearest well, the well may need to be shut
down. Also, the Little Manatee and Manatee Rivers are positioned in the path of the groundwater
flow, therefore it is important to know if and when the contaminant plume would hit the rivers.
Next, the chemical concentrations and properties of well samples were provided as inputs
to the model. In addition, existing data of constituents from active wells surrounding the site
analyzed by FDEP as well as additional well samples were used in the PHREEQC model. To be
consistent across all data, radium concentration (pCi/L) was converted into mg/L. Table 2 shows
the solution composition and properties at the sinkhole. As the leak was mostly acidic water, a
pH value of 2 was used for the gypsum stack, which was near the value reported by FDEP
(2017). In addition, the density of the phosphogypsum leak was assumed to be 2.45 g/cm3, as the
waste was heavily concentrated. This value was near the range reported in SENES (1987).
Well data for the background and flow path conditions were collected for the transport
simulations. The sampled wells are operated by Polk County Utilities and Tampa Bay Water to
analyze the water quality post-spill. Data collection was carried out in agreement with Standard
Methods (2017), Table 3 shows the well data in the vicinity of the sinkhole (Myers, 2016; Baird
et al., 2017). The pH, temperature,

226

Ra, sulfate, fluoride, barium, calcium, and sodium
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descriptions were used as inputs to PHREEQC. In the aquifer, the groundwater density was
assumed to be 1.02 g/cm3, a conservative estimate (Halley and Schmoker, 1983). Upon mixing,
the plume density in the aquifer was assumed to be 1.75 g/cm3. For the simulations, different
well data were applied throughout the model. The cell dispersivity was assumed to be 2 m, due
to the low hydraulic gradient and based on the data by Gelhar (1986), and the diffusion
coefficient representative of the study area was assumed to be 9.9 ∗ 10−11 m2/s (Yobbi, 1996).
Simulations were run with the llnl.dat database, a file that contains specific thermodynamic data
(Parkhurst and Appelo, 2013).
Langmuir and Reese (1985) provided thermodynamic properties and reaction parameters
of radium, which can be input into the PHREEQC model. In addition, adsorption reactions of
radium onto ferrihydrite for both weak and strong binding surfaces along with their equilibrium
constants (log K) have been defined, which are used in this study (Sajih et al., 2014). Table 2
summarizes the chemical reactions used for adsorption simulation. The values from Dzombak
and Morel (1990) and the reactions derived from Sajih et al. (2014) were applied to the study
area. Here, the specific surface area of hydrous ferric oxide was assumed to be 600 m2/g
(Dzombak and Morel, 1990). The site densities of weak and strong binding sites were assumed
to be 0.2 and 0.005 sites per mol Fe, respectively based on the same database (Dzombak and
Morel, 1990).
Furthermore, since the study area is mostly calcite, the reaction of radium with carbonate
was also considered as this would occur in alkaline aquifers. The reaction and equilibrium
constant were based on the work of Langmuir and Reese (1985). The approximate specific
surface area of carbonate ranges from ~2–22 m2/g, according to the Rossendorf Expert System
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for Surface and Sorption Thermodynamics (RES3T) database. In general, site density values may
range from 1–20 sites/nm2 (Turner, 1993).
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Figure 5 – Sensitivity of radionuclide concentration to cell size. The initial concentration used
was 2.93 Bq/L.
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Table 2 – Conditions and solution composition at sinkhole.
Constituent
pH
Temperature
Density
Aluminum
Calcium
Chloride
Fluoride
Iron
Magnesium
Manganese
Ammonia Nitrogen
Potassium
Phosphorous
Radium
Sodium
Sulfate

Units
C
g/cm3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
Bq/L
mg/L
mg/L
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Value
2
22
2.45
241
1962
190
13207
233
616
11.1
872
295
9207
2.93, 3.70
2109
8024

Table 3 – Solution composition for background conditions (in which maximum values are used),
and conditions in close proximity to the flow path. A well density of 1.02 g/cm3 is used for the
model simulations.
Sample
Description
Conductivity
pH
Temp
Turbidity
H2S
Gross alpha
Ra-226
Ra-228
Uranium
Sulfate
Fluoride
TDS
Barium
Calcium
Sodium

Unit

Background Well 16

Well 17

SCHM 5D SCH17

SCH16

526
7.56
27.3
0.4
2.50
0.10
(2.60)
0.03
(0.90)
0.04
(1.10)

411
7.59
25.9
0.41
2.10
0.13
(3.60)
0.03
(0.70)

U

U

69.5
0.38
254
0.025
53.7
9.07

11.9
0.33
174
0.022
40.3
8.67

uS
C

Bq/L
(pCi/L)
Bq/L
(pCi/L)
Bq/L
(pCi/L)
Bq/L
(pCi/L)
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

7.65
26.1

0.02 (0.6)

58.2
0.29
0.01
54.1
7.01

7.5
24.2

7.56
27.3

7.59
25.9

0.08
(2.2)
0.02
(0.5)
0.03
(0.8U)
0.01
(0.4U)
13.6
0.14
181
0.017
39.3
7.4

0.21
(5.7)

0.06
(1.6U)

0.04 (1)

0.02 (0.6)

0.03
(0.8U)
0.02
(0.6U)
66.2
0.18
260
0.023
54.5
7.71

0.03
(0.8U)
0.02
(0.5U)
70.6
0.24
259
0.012
54.5
6.88
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2.3 Results and Discussion
PHREEQC was used to model one-dimensional radium transport across a range of
distances and conditions. PHREEQC internally computes the velocity of a plume as the cell
length divided by the time step. This velocity (1.31 m/day) for 1 unit hydraulic gradient is
estimated based on the reported hydraulic conductivity (~392 m/day) and porosity (0.20)
(Ardaman and Associates, Inc, 2017). This is utilized to mimic the contaminant plume being
transported along the hydraulic gradient. A well for limited public use is situated at just over 4
km west from the sinkhole, according to the FDEP. Thus, 4 km was chosen as the length of the
cell domain as an initial conservative, worst-case scenario to determine whether the radioactive
plume will hit the nearest active well. If concentration levels are too high, the model would be
extended to see at what distances the concentrations will be adequately reduced. This distance is
referred to as the “safe distance.” Plotting results in Bq/L allows one to compare the radium
transport concentration with the USEPA drinking water limit of 0.185 Bq/L (≈ 5 ∗ 10−9 mg/L)
and then assess whether the radium is below this threshold. A sample output plot of radium
transport vs. distance with the breakthrough curves is shown in Figure 6. The inset in Figure 6
shows a sample plot of a breakthrough curve at an instant in the simulation. For each scenario,
the maximum value of the modeled breakthrough curves at each cell is plotted separately as an
upper envelope. Figure 6 presents a case for advection and diffusion at distances less than ~5.2
km, hence the content is above the threshold concentration (Figure 6). Distances greater than
~5.2 km indicate that the quantities are below the threshold concentration.
According to the FDEP, the radium activity at the gypsum stack under normal condition
is 79 pCi/L (2.93 Bq/L) (FDEP, 2017); thus, the radioactive transport of radium was modeled
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using this value with and without adsorption. Then, as a severe case, in an attempt to represent
the sinkhole collapse, a value of 100 pCi/L (3.70 Bq/L) of radium was simulated with and
without adsorption to study the differences in the plume transport.
2.3.1 Ferrihydrite cases
In this section, we explore the radium transport with ferrihydrite. Ferrihydrite can be
represented as a weak or a strong binding surface type. For this case, adsorption is simulated
using ferrihydrite only, and is modeled with the well data. The simulation with 0 mol sites
represents advection and diffusion only. Using a value greater than 0 mol sites will enable the
adsorption effect. Here, a value of 0.2 mol sites was used for weak ferrihydrite, based on the data
from Dzombak and Morel (1990). Figure 7 shows the behavior of radium transport reacting with
weak surface binding ferrihydrite using leaks of 2.93 Bq/L and 3.70 Bq/L. In this case, the
ferrihydrite reacting without adsorption requires a longer distance to reduce radium
concentrations for both the 2.93 and 3.70 Bq/L scenarios; whereas with adsorption, these
distances are reduced. For example from Figure 7a it can be observed that the safe distances after
a 2.93 Bq/L leak are 5.24 km and 5.06 km without and with adsorption, respectively. The
contaminant plume would reach those distances at times of 11 and 10.6 years, respectively. For
the case of 3.70 Bq/L, the safe distances without and with adsorption are 8.35 km and 7.79 km,
respectively (Figure 7b). The associated times for the plume to reach those distances are 17.4 and
16.3 years (see Table 4). Figure 8 shows the radium behavior with strong surface binding
ferrihydrite, again for leaks of 2.93 Bq/L and 3.70 Bq/L. To simulate adsorption for the strong
surface ferrihydrite, 0.005 mol sites are used for the surface, again based on data from Dzombak
and Morel (1990). Although not easily seen, the strong binding ferrihydrite performed slightly
26

better in terms of reducing concentrations. However, the influence of ferrihydrite on contaminant
binding is minor. Figure 8a indicates safe distances without and with adsorption of 5.24 km and
5.01 km, after just 11 and 10.5 yrs, respectively, for the case of 2.93 Bq/L, whereas for 3.70
Bq/L (Figure 8b) the safe distances without and with adsorption are 8.35 km and 7.74 km, after
17.4 and 16.2 yrs, respectively. These results suggest that the strong surface binding ferrihydrite
is capable of greater adsorption. Previous studies also suggest that other constituents in the
solution may compete with each other to bond with the mineral, which could minimize its impact
(Almeida et al., 2004; Sajih et al., 2014). From other studies, a low pH in the solution may hinder
adsorption capacity (Almeida et al., 2004). A summary of these values is listed in Table 4.
2.3.2 Carbonate cases
Figure 9 shows the radium transport with carbonate for the case of 2.93 Bq/L and 3.70
Bq/L as a function of distance. For these scenarios, a site density of 5 sites/nm2 was used, which
has been used previously according to the RES3T database. Two scenarios of specific surface
area of calcite are used, i.e., 10 m2/g and 22 m2/g, also obtained from the RES3T database. This
range of known surface areas from the RES3T database was assumed to apply to the study area
due to the presence of carbonate rock in Florida. As can be seen from Figure 9a, the safe distance
without considering adsorption is about 5.24 km, which corresponds to about 11 yrs. Adsorption
with a specific surface area of 10 m2/g reduced the safe distance to 4.96 km, which would take
the plume about 10.3 yrs to reach. As expected, the higher the specific surface area, the higher
the adsorption, which would imply that larger carbonate minerals (i.e., specific surface area)
would have the potential to reduce the contaminant plume in the central Florida area via
adsorption. Increasing the surface area to 22 m2/g further reduced the safe distance to 4.36 km,
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after 9.1 yrs. Similarly, this effect can be seen for the 3.70 Bq/L scenario, in Figure 9b. Without
adsorption, the safe distance would be 8.35 km, or 17.4 yrs. At 10 m2/g surface area, the safe
distance is reduced to 7.79 km, 16.3 yrs, and at 22 m2/g, the safe distance is further reduced to
6.51 km, or 13.6 yrs. These values are also listed in Table 4. Due to the frequent presence of
calcite (i.e. limestone) in the Floridan aquifer, it appears that the calcite would be capable of
resisting the flow of contamination, but the time scale is too large to observe this. If there was an
abundant mass amount of mineral, perhaps that would further reduce concentration levels, but
that would not significantly reduce the risk associated with this event, regardless of how much
radium leaked into the aquifer.
Overall, for the observed cases, the results suggest that there is a risk of drinking water
contamination due to radionuclide transport. Although both the weak and strong binding
ferrihydrite mineral performed similarly, the result can change depending on the competitive
nature of the constituents in the soil, which can be seen in past analyses (Chen and Kocar, 2018).
A previous study showed that radium levels in Tampa Bay are low. Our analysis would appear to
follow the same trend (Swarzenski, et al., 2007). The carbonate performed better than the
ferrihydrite minerals, but since the time scale is long, i.e. on the order of tens of years, and due to
drinking water processing regulations, additional external resources should be leveraged to safely
contain the contaminated waste. This further reinforces the importance of safely containing
phosphogypsum stack wastes that may threaten natural resources, such as drinking water.
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Figure 6 – Sample output graph of radium concentration vs. distance, considering advection and
diffusion for a) a time instant and b) the complete simulation time. Cooler colors and warmer
colors represent breakthrough curves near the initial and final simulation times, respectively. The
black line shows the radium concentration limit whereas the lower dark red curve shows the
plume concentration at the end of the simulation. The constant dark red portion represents
background conditions.
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Figure 7 – Output plots of radium transport with weak surface ferrihydrite at leaks of a) 2.93
Bq/L and b) 3.70 Bq/L. As expected, a longer distance is needed to dilute the concentration of
3.70 Bq/L. In both cases, accounting for adsorption reduces the distance needed for dilution.
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Figure 8 – Output plots of radium transport with strong surface ferrihydrite for leaks of a) 2.93
Bq/L and b) 3.70 Bq/L. Similar to the previous plot, adsorption (red dots) slightly reduces
radium concentrations.
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Figure 9 – Output plots of radium transport with carbonate using leaks of a) 2.93 Bq/L and b)
3.70 Bq/L. In general, the higher the specific surface area is, the faster (i.e., shorter distance) the
dilution of the plume.
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Table 4 – List of distances (km) and times (yrs) in which radium concentrations would meet
drinking water criteria for all simulations shown.
Bq/L
2.93
3.70
Bq/L
2.93
3.70

Bq/L
2.93

3.70

Weak Ferrihydrite
mol sites
Distance, km Time, yrs
0
5.24
11
0.2
5.06
10.6
0
8.34
17.4
0.2
7.79
16.3
Strong Ferrihydrite
mol sites
Distance, km Time, yrs
0
5.24
11
0.005
5.01
10.5
0
8.34
17.4
0.005
7.74
16.2
2
Carbonate (5 sites/nm )
Specific Surface
Distance, km Time, yrs
Area (m2/g)
0
5.24
11
10
4.96
10.3
22
4.36
9.1
0
8.34
17.4
10
7.79
16.3
22
6.51
13.6
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2.4 Summary and Conclusions
In this study we simulated the transport of radioactive contaminant waste in the Floridan
aquifer. To model the reduction of the concentration of radium, advection, diffusion, and
adsorption were simulated using the PHREEQC transport model. Based on the hydrogeological
nature of Florida, our results suggest that it would take between 11-17 years and about 5.2 km to
8.4 km from the sinkhole leak to naturally reduce concentrations at or below the drinking water
threshold of 0.185 Bq/L. Including the adsorption effect using entities like ferrihydrite (with
either weak or strong binding surfaces) and carbonate may help to moderately reduce the time
needed to lower concentrations, i.e. to 9-16 years. The safe distances associated with these times
range from 4.4 km to 7.8 km.
Although ferrihydrite is commonly occurring in nature, it is likely not as frequent as
calcite in central Florida. Despite that, ferrihydrite was simulated based on the available data by
Dzombak and Morel (1990) and Sajih et al. (2014). Based on the simulations, ferrihydrite can
treat the contaminant waste, however a long time period is needed to ensure that radium
concentrations reach levels below the threshold determined by the USEPA. For weak ferrihydrite
minerals and a 2.93 Bq/L leak, it would take a distance of more than 5 km and about 10-11 years
for the concentration to be attenuated. A leak of 3.70 Bq/L would require distances from 7.8 to
8.4 km and 16-17 years for remediation. For strong ferrihydrite minerals, results were slightly
different. For a 2.93 Bq/L leak, it would take over 5 km and under 11 years to remediate the
plume. For the 3.70 Bq/L case, 7.4 to 8.4 km and 16-17 years would be necessary to attenuate
the waste. For the carbonate case, distances from 4.4 to 5.2 km and 9-11 years are sufficient for a
2.93 Bq/L scenario, and distances from 6.5 to 8.4 km and 13-17 years would be sufficient for a
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3.70 Bq/L leak. From the observations, it appears that calcite may be the best mineral to
counteract the radioactive plume. Although calcite may be commonly occurring in the study
area, additional efforts (i.e., barriers or cement injection) may be needed to contain and treat the
contaminant waste to meet the drinking water criterion (0.185 Bq/L) before potentially hitting a
pumping well. The amount of abundant minerals in the aquifer can affect the overall remediation
process; however it is complex to quantify the amount of potential adsorbents in the soil. From
previous studies, a low pH and the presence of other elements and compounds in the solution
may induce competition among them, which may then in turn affect the potential of adsorption
occurring in the soils (Sajih et al., 2014; Chen and Kocar, 2018).
Based on the cases presented, there is uncertainty in the fate of the contaminant waste
after the sinkhole collapse. Several factors, hydrological and chemical, play roles on influencing
how radionuclides are transported. The large-scale nature of this event alone poses considerable
risk. Perhaps if the sinkhole event was small-scale, the outlook may have been favorable. Due to
difficulties and complexities in knowing the exact conditions in the aquifer, a range of
possibilities must be analyzed to aid in developing potential solutions. This stresses the
importance of safely containing contaminant waste before natural resources, such as drinking
water, are harmed. It is probable that carbonate, calcite, and ferrihydrite are present and
significant to adsorption processes; several of these processes are simulated to increase the
likelihood that the actual behavior of the plume transport falls within the cases.
While characterizing aquifer and chemical conditions may be complex, it is essential to
providing a basic understanding of contaminant transport following natural hazardous events
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through observation and simulation. Thus, this is a necessary step in identifying potential threats
imposed on surrounding systems, and ultimately improving best management practices.
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CHAPTER 3: INFERRING CONDUIT AGE FROM A KARST CONDUIT
EVOLUTION MODEL

3.1 Introduction
Karst aquifers are distinct groundwater systems in nature where physical processes
behave differently as compared to non-karstic systems. In the Floridan aquifer system, there is a
high presence of carbonate rock (i.e., karst limestone), which is subjected to dissolution
continuously. Over time, this can lead to the formation and evolution of conduits (Hanna and
Rajaram, 1998; Andre and Rajaram, 2005). This dynamic shaping of the Floridan aquifer system
can have implications on certain processes, such as groundwater flow, contaminant transport,
and even seawater intrusion (Xu et al., 2016). It is documented that karst landscapes are present
in about 20% of Earth’s surface (Palmer, 1991; Ford and Williams, 2007; Ronayne, 2013);
therefore, there is an interest in characterizing karst features, as karsts themselves may vary
depending on geographic locations (Florea and Vacher, 2006b).
For modeling karst system processes and dynamics, one has to consider dynamic karst
conduits coupled with the rock matrix. Several models, especially numerical models, have been
used to simulate the evolution of conduits in karst aquifers (Clemens et al., 1996; Dreybrodt,
1996; Kaufmann and Braun, 1999; Kaufmann, 2009). These karst evolution models employ
dissolution chemistry along a fracture to simulate conduit enlargement, followed by hydraulics to
model flow patterns. Early studies advocated the use of dissolution mechanisms in karst
initiation and evolution to understand how fast low-order and slow high-order kinetics are
necessary to model the initial karst evolution (Dreybrodt, 1990; Palmer, 1991).
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The Floridan aquifer system consists of the soil and rock matrix and evolving karst
fractures (fractures are commonly referred to as conduits once they reach a diameter of 1 cm,
(White, 2002)), which can differ considerably in terms of hydraulic conductivities. Slug tests for
the Upper Floridan Aquifer (UFA) in the north-central Florida area revealed matrix hydraulic
conductivity values between 1.74 × 10−5 m/s and 2.20 × 10−4 m/s (Langston et al., 2012);
whereas, core samples have indicated an average matrix conductivity of 10-6 m/s (Florea and
Vacher, 2007). Hydraulic conductivities in fractures (or conduits) are in general several orders of
magnitude greater than matrix conductivities. For example, a conduit diameter of 1 cm can
correspond to a conductivity of about 10 m/s (Kaufmann, 2016).
The UFA aquifer is mostly confined in southern areas, yet slowly becomes thinly
confined and unconfined towards the northwest direction, indicating a certain degree of
heterogeneity (Williams and Kuniansky, 2015). According to the survey data on the hydraulic
nature of the UFA, the karst conduits are spaced out and disconnected from one another with
segments of varying lengths, particularly near the Ocala area in Florida, and are mostly oriented
in the northeast-southwest and northwest-southeast directions (Vernon, 1951; Phelps, 1994;
Florea and Vacher, 2006a).
One conduit property that can be difficult to quantify is the diameter, especially
throughout the conduit’s length. Cave exploration is one method that has been used to
characterize conduit size (Florea and Vacher, 2006a). In the UFA in north Florida, the average
conduit dimensions (i.e., width and height) range from 12 m to 24 m (Moore et al., 2010). For
Silver Springs, the spring vent diameter was measured as 11 m (Sepúlveda, 2009), whereas in the

38

Santa Fe River, the average conduit diameters calculated ranged in between 22 m and 25 m
(Langston et al., 2012).
In recent decades, the Silver Springs discharge has been on a decline (see Figure 10a) due
to increased groundwater pumping for growing population demands (Shoemaker et al., 2004),
and only recently there has been an effort to restore discharge levels back to natural conditions.
Given the area’s susceptibility to sinkholes and the increase of human activities (e.g.,
groundwater pumping) in recent years, there is an interest in understanding and characterizing
the complex karst features in the UFA (see e.g., Figure 10). To gain such an understanding, this
study aims to model karst conduit evolution in the Silver Springs area (Figure 11) to describe the
head profiles and quantify conduit properties that would improve understanding of karst conduit
flow and complex karst geology. In addition, conduit age can be predicted by simulating conduit
evolution and resulting head profiles over time based on conduit properties.

3.2 Methods
3.2.1 Model Description: Karst evolution model (K-model)
A circular conduit is discretized into logarithmically equal increments to compute
dissolution rates and calcium concentration along the conduit. The calcium dissolution process is
modeled as (Dreybrodt, 1996; Kaufmann, Braun, 1999; Siemers and Dreybrodt, 1998):
𝐹 = 𝑘𝑖 (1 −

𝐶(𝑥,𝑡)
𝐶𝑒𝑞

𝑛𝑖

) ; 𝑖 = 1, 2

( 3.1 )

where F is the dissolution rate, i refers to the kinetic behavior of the dissolution process (i.e., 1
for low-order kinetics and 2 for high-order kinetics), k is the kinetic rate, C is the calcium
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concentration, Ceq is the calcium equilibrium concentration, and n is the kinetic exponent
(𝑛1 = 1 and 𝑛2 = 4). The kinetic rate, k, for low-order conditions is computed as:
𝑘1 = 𝑘0 (1 +

𝑘0 𝑑(𝑥,𝑡)
6𝐷𝐶𝑒𝑞

)

−1

( 3.2 )

where k0 is the kinetic rate constant, d is the conduit diameter, and D is the diffusion coefficient.
For high-order conditions, the kinetic rate is obtained from:
𝑘2 = 𝑘1 (1 −

𝐶𝑇
𝐶𝑒𝑞

)

𝑛1 −𝑛2

.

( 3.3 )

Here CT is the threshold concentration where low-order kinetics transitions to high-order
kinetics. As the dissolution chemistry is being simulated inside the conduit, the increase in
calcium concentration in the water as it flows through the conduit can be determined.
Afterwards, the growth rate of the conduit and the increase in conduit diameter can be computed
by defining time steps and number of iterations (Dreybrodt, 1996; Kaufmann and Braun, 1999;
Kaufmann, 2009). Using the Darcy-Weisbach equation, the head loss can be modeled as:
𝛥ℎ =

𝑓𝐿𝑉 2

( 3.4 )

2𝑔𝑑

where Δh is the head loss, f is the friction factor, L is the conduit length, V is the average flow
velocity, and g is the acceleration due to gravity. The Reynold’s number (𝑅𝑒 =

𝑉𝑑
𝜐

, where υ is

kinematic viscosity) characterizes laminar and turbulent flow. Flow is laminar and turbulent for
Reynold’s numbers less than and greater than a critical threshold, respectively. In this study, a
critical threshold of 2200 is used. For both laminar and turbulent flows, the friction factor is
modeled using the following equation (Swamee and Swamee, 2007):
64 8

𝑓 = {( ) + 9.5 [ln (

𝜖

𝑅𝑒

3.7𝑑

+

5.74
𝑅𝑒 0.9

)−(

−16 0.125
2500 6
𝑅𝑒

) ]
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}

( 3.5 )

where ϵ is the wall roughness coefficient.
The K-model was tested using the initial conditions obtained from past studies for
verification (Figure 12). Figure 10b shows flow evolution and breakthrough times in an evolving
karst conduit using initial and boundary conditions assumed in Kaufmann (2009). As can be
seen, the breakthrough is sensitive to changes in initial fracture geometry and hydraulic
conditions. While holding reference conditions constant, increasing conduit length, increasing
conduit diameter, and decreasing hydraulic gradient cause the respective flow evolution curves
to shift to the right, left, and right, respectively, highlighting the sensitivity of karst evolution. As
a result, simulated head profiles for different conditions may vary as well. Following the
verification phase, the model was applied to the Florida karst system.
Figure 10c shows the modeled flow rate evolution based on initial fracture geometry and
hydraulic conditions from cross-section SS’ (see Figure 11b) near Silver Springs. The flow rate
in the filled-in dot closely matches the average flow rate in Figure 10a. Although Figure 10b and
Figure 10c show similar flow evolution shapes, due to different initial parameters, the time scales
and discharge magnitudes can vary significantly.

3.2.2 Model Description: One-dimensional groundwater leakage model (L-model)
The head ℎ at a location 𝑥 for one-dimensional confined aquifer with leakage at steady
state can be expressed as:
𝑥

𝑥

𝐵

𝐵

ℎ(𝑥) = ℎ0 − 𝐶1 exp ( ) − 𝐶2 exp (− ) ,

( 3.6 )
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𝑇𝑏′

where ℎ0 is the initial head, 𝐵 = √

𝐾′

is the leakage factor, 𝑇 is transmissivity, 𝑏 ′ and 𝐾 ′ are the

confining layer thickness and conductivity, respectively, and C1 and C2 are constants.

3.2.3 Data and site description
Data on the potentiometric levels from twenty-two (22) observation wells within the
springshed of Silver Springs were obtained from the St. Johns River Water Management District
(SJRWMD). The springshed boundary is shown in Figure 11a. Water-levels only for the UFA,
where karst features are present, are considered. For unconfined areas, the well depths range
from 12 to 37 m, whereas the depths in confined areas range from 37 to 73 m. The thickness of
the UFA is roughly 200 m near the Ocala area, with the top of the UFA being a few meters
below ground surface (Williams and Kuniansky, 2015). The mean value of water elevation for
each well was computed, from which a potentiometric surface was generated via kriging (Figure
11a) (Kitadinis, 1997).
The estimated transmissivity values for Silver Springs ranged from 4000 – 52,000 m2/day
(Figure 13); the vast range in magnitude of transmissivity values is due to the high presence of
carbonate rock in the aquifer (Kuniansky et al., 2012). The upper confining thickness ranges
from about 0 – 56 m (Williams and Kuniansky, 2015). These values can serve as a reference for
modeling groundwater flow under confined conditions and are shown in Figure 11b. Karst maps,
obtained from the United States Geological Survey (USGS) show that within the study area,
carbonate rocks are present at or near the surface, as well as buried <90 m beneath sediments,
which can be seen in Figure 11c. Therefore, the profiles of potentiometric levels can be
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examined further to investigate whether and to what degree they follow the previously observed
nonlinear relationship (concave down) seen in karst simulations (Dreybrodt and Gabrovsek,
2003; Romanov et al., 2004; Perne et al., 2014; de Rooij and Graham, 2017).
The following hydraulic and chemistry parameters were used in this study, based on
Kaufmann (2009), ϵ = 0.002 cm, υ = 0.012 cm2/s, and CT = 0.9(Ceq). In addition, k0 = 1 × 10−11
mol/cm2-s, and a Ceq value of 3 × 10−6 mol/cm3 was assumed, although values may range from
5 × 10−7 to 3 × 10−6 mol/cm3 (Gabrovsek, 2007). A D value of 10-6 cm2/s is assumed as noted
in Yobbi (1996). These values are summarized in Table 5.
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a)

c)

b)
Figure 10 – Silver Springs discharge and flow rate evolution from karst simulation. a)
Streamflow time series at the Silver Springs near Ocala, FL. Note the sudden change in mean
due to groundwater pumping (Shoemaker et al., 2004). b) Flow evolution sensitivity using
conditions from Kaufmann (2009) (in black, referred to as Reference in the legend), and flow
evolution curves after modifying a specific parameter (i.e., increasing conduit length, denoted as
L, by a factor of 1.5; increasing conduit diameter, denoted as d, by a factor of 2; and decreasing
hydraulic gradient, denoted as i, to 60%) while keeping reference conditions constant. As seen,
increasing L, increasing d, and decreasing i shift their respective curves from the reference curve
to the right, left, and right, respectively, emphasizing conduit evolution sensitivity. The colored
vertical dashed lines indicate where breakthrough occurs for each flow evolution curve,
indicating the times where the flow regime changes from laminar to turbulent, due to continuous
dissolution. c) Flow evolution for cross-section SS’ (Figure 11b) near Silver Springs. The flow
rate of the filled-in dot closely matches the average flow rate (22.48 m3/s) in Figure 10a and
would imply a conduit age of ~45 Myrs, assuming an initial fracture size of 1.2 mm. Although
Figure 10c shows a similar flow evolution shape, the time scales and discharge magnitudes can
vary significantly, due to different initial parameters.
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(a)

(b)

(c)

(d)

Figure 11 – Study area. a) Springshed boundary for Silver Springs in Ocala, Florida, and its
location in relation to Florida, United States shown in the inset. The water-level contour map was
generated via kriging based on observation wells. b) Upper confining unit thickness variation
across Silver Springs with sample cross-sections shown. c) Karst map indicating where the
carbonate rock is at or near the land surface or buried. d) Sample cross-sections from which head
profiles were extracted based on previous fracture maps.
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Figure 12 – Flow evolution verification using inputs from Kaufmann (2009) (blue) and
Kaufmann and Braun (1999) (orange). The black dashed lines indicate where breakthrough
occurs for each study, indicating the point where the flow regime becomes turbulent, due to
continuous dissolution.
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Figure 13 – Estimated transmissivity values within the Silver Springs springshed (Kuniansky et
al., 2012).
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Table 5 – List of hydraulic and chemistry properties used in this study.
Parameter
Conduit roughness, ϵ
Kinematic viscosity, υ
Diffusion coefficient, D
Calcium equilibrium concentration, Ceq
Low order rate constant, k0
Threshold concentration, CT

Value
0.002 cm
0.012 cm2/s
1 × 10−6 cm2/s
3 × 10−6 mol/cm3
4 × 10−11 mol/cm2-s
0.9(Ceq) mol/cm3

3.3 Results and Discussion
Modeling karst conduit evolution requires knowledge of the processes that drive karst
dissolution and subsequent evolution (Palmer, 1991; Dreybrodt, 1996). Aggressive water with
respect to calcium entering karst conduits dissolves the surrounding limestone, slowly enlarging
the conduits (i.e., increasing diameter), until the water becomes saturated, at which point further
conduit dissolution no longer occurs. As a result, incoming under-saturated water (assumed to
have a calcium concentration ~ 0 mol/cm3), further dissolves the conduit, and this behavior
propagates throughout the karst conduit system. The dissolution is modeled for low-order and
high-order kinetics.
Figure 10b-d indicate the sample cross-sections from which the potentiometric head
profiles are analyzed. These profiles correspond to fractures that have been mapped out based on
aerial photographs and remote sensing of photolinears in previous studies (Vernon, 1951; Florea
and Vacher, 2006a). By superimposing fracture maps to scale, various fracture cross-sections
were then traced in areas where the aquifer is confined. Figure 14a shows the head profiles of the
traced fracture cross-sections, whereas normalized head profiles with respect to maximum
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elevation head are shown in Figure 14b. As can be seen, these profiles display nonlinear concave
down behavior, therefore the karst conduit evolution model (K-model) can be appropriately
employed to simulate head profiles to see if it can mimic the observed values.
Furthermore, the K-model is also able to predict the age of the conduits. This analysis is
based on initial conditions for fracture geometry and dissolution chemistry. Figure 14c shows a
sample output for predicting the age of cross-section AA’ (Figure 11b). In the K-model, the head
profile changes as a function of time, due to the continuous dissolution simulated in the conduit.
For predicting the age of the conduits, the simulations were run until the modeled head profiles
overlapped with the observed ones and the elapsed time was recorded (see Figure 14c). Note that
for brevity we only show the age prediction for AA’; however, simulations were run for all
cross-sections shown in Figures 8b-d.
In general, fractures can have varying initial aperture diameters (e.g., 10 μm – 10 mm)
(While, 2007). These aperture diameter values can provide an estimate for initial fracture size. In
this study, the K-model simulates the observed head profiles for each cross-section by assuming
an initial fracture diameter of 1 mm and the lengths of each cross-section. The hydraulic gradient
is derived from measured head levels. To compare the accuracy of the K-model with respect to
the observed profile, the root mean square error (RMSE) was employed and can be calculated as:
∑𝑁
𝑖 (𝑃𝑖 −𝑂𝑖 )

𝑅𝑀𝑆𝐸 = √

𝑁

2

, where P, O, and N are the predicted value, observed value, and number of

observations, respectively.
Applying the K-model, for example, for cross-section AA’, we observe that it takes
approximately 54 Myrs for the karst conduit to evolve and reproduce the observed head profile,
with the fit having an RMSE of 0.001 m (Figure 15a). Figure 15b shows the head profiles for
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cross-section BB’, which can be considered thinly confined. The K-model plots a similar head
profile, with an RMSE of 0.006 m. This head profile would occur after 30 Myrs. Figure 15d
show the observed head for cross-sections CC’ and DD’, respectively. The associated RMSE and
age for CC’ and DD’ were 0.004 m, 45 Myrs, and 0.004 m, 21 Myrs, respectively. Figure 15e
shows the head profiles for cross-section EE’, whereas Figure 15f shows the head profile for
cross-section FF’. The corresponding RMSE and the age for EE’ and FF’ were 0.008 m, 30
Myrs, and 0.004 m, 9 Myrs, respectively. These RMSE values for the K-model are also listed in
Table 6. Out of the six profiles, the K-model profiles for cross-sections AA’ and DD’ best
resemble their observed profiles, whereas cross-sections BB’ and CC’ do not fit well enough
compared to their observed profiles. For example, for cross-sections BB’ and CC’, at the end of
the observed profiles (Figure 15b-c), the evident concave up behavior is not accurately captured
by the K-model. This concavity change could be due to processes such as groundwater
withdrawals that may induce lower water levels in the observed profiles than what was simulated
by the K-model (Ghasemizadeh et al., 2016).
It should be noted that a nonlinear (concave down) head distribution may be also
attributed to leakage flowing to the confined aquifer through a semi-confining layer (see
Methods for details on L-model). The available data on transmissivity and thickness of the
confining layer pertaining to each fracture cross-section is used to fit a value for 𝐾 ′ . Modeling
both karst and leakage processes can help characterize the terrain of the UFA and can also
suggest which of these two processes can explain the observed profiles better.
Figure 15a also shows the modeled profile using the one-dimensional groundwater flow
leakage model (L-model). This profile was fit using average rock parameters, i.e., a 𝑇 value of
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4.98 × 10−2 m2/s, and a 𝑏′ value of 23 m. From these values, a minimum error (RMSE between
observed and L-model predicted heads) of 0.011 m is obtained when a fitted 𝐾′ value of 1.3 ×
10−7 m/s is used. The leakage parameter values 𝑇, 𝑏′ and 𝐾′, along with RMSE values for crosssections BB’ – FF’ can be seen in Table 6, whereas the cross-section profiles along with the
simulated head profiles are shown in Figure 15. Given, on average, that the RMSE in the case of
K-model is one-order smaller than the RMSE in L-model, these results indicate K-model can
reproduce the observed head with much higher accuracy, compared to the L-model.
In addition, for all the analyzed cases, the simulated head profiles using the K-model with
the initial conditions occurred before breakthrough (see model description for details), yet, the
continuous dynamic enlargement of the conduits would imply that turbulent flow would occur
eventually. As a result, this occurrence would carry implications on flow and transport processes.
For instance, there would be a greater tendency for conduits to transfer flow as compared to flow
in the rock matrix.
The hydraulic conductivities modeled for the confining layers indicate aquitard behavior,
as expected. For reference, aquitard conductivities range from 1.3 × 10−6 – 2.4 × 10−9 m/s
(Sepúlveda, 2009), thus the values obtained here, with the exception of cross-section BB’, fall
within the range of estimated values. For the most part, the RMSEs from the K-model were less
than the L-model with the exception of cross-sections BB’ and FF’, suggesting that the
potentiometric head profiles can be better explained by karst dissolution. Estimates on conduit
age were obtained by applying the K-model, in which the modeled head profiles indicate that it
would take between 9 – 54 Myrs (see Table 5) to achieve the observed head profiles, based on
the initial fracture assumptions. From earlier studies, it is suggested that the rock geology of the
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UFA in the Ocala area are from the Eocene and Oligocene series (Williams and Kuniansky,
2015; Florea and Vacher, 2006a), which occurred roughly 25 – 50 Myrs ago. In fact, the aquifer
age of Silver Springs is listed at 40 Myrs (Florea and Vacher, 2006b). The extracted nonlinear
head profiles estimated age is reasonable in the sense that the predicted ages fall within the age
range of the geologic rock (Florea and Vacher, 2006b). For the profiles exhibiting early karst
evolution, to predict an older conduit age for the geologic rock in Florida, the initial fracture size
would need to be smaller than initially assumed; however, other parameters may also affect
conduit age simulations. For instance, simulating karst evolution with a lower Ceq and/or a higher
k0 value would slow down the dissolution process and prolong breakthrough. This implies that it
would take more time for the simulated head profiles to overlap the observed head profiles,
which would lead to overestimating the conduit age relative to prior reports.
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a)

b)

c)

Figure 14 – Observed and simulated head profiles. a) Head profiles of the cross-sections in
Figure 11b-d. b) Normalized plots of a) with respect to their maximum potentiometric head. The
linear black dashed line is plotted for visual curvature comparison purposes. c) Sample plot of
various head profiles at different times from the K-model. These plots correspond to crosssection AA’ (shown in Figure 11b). As expected, the head profiles change as a function of time,
due to the propagating karst dissolution along the conduit. This plot predicts the age of this
conduit segment to be 54 Myrs (dashed black curve), when it overlaps the observed profile curve
(solid blue curve).
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a)

b)

c)

d)

e)

f)

Figure 15 – Observed and modeled head profiles based on karst dissolution (K-model) and
groundwater leakage (L-model) for cross-sections a) AA’, b) BB’, c) CC’, d) DD’, e) EE’, and f)
FF’. For the most part, as can be seen, the K-model produces a smaller RMSE than the L-model,
and in some cases, almost an order of magnitude smaller. These observations suggest the Kmodel fits the observed head profiles more accurately, which can be seen visually, particularly
for cross-sections AA’ and DD’.
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Table 6 – RMSE values for the K and L models, and the parameters associated with the L-model.
Note that the RMSEs for the K-model are on average lower than the RMSEs for the L-model.
Associated age obtained from the K-model is also shown for the considered cross-sections.
Cross
Section
AA'
BB'

K-model
RMSE, m Age, Myrs
0.001
0.006

54
30

L-model
b', m
K', m/s

T, m2/s
4.98 × 10

-2

1.04 × 10

-1
-1

24.4

3.98 × 10

23
6

RMSE, m

1.30 × 10

-7

0.011

9.33 × 10

-9

0.006

-8

0.007

CC'

0.004

45

1.27 × 10

DD'

0.004

21

1.22 × 10-1

27.4

2.18 × 10-8

0.027

EE'

0.008

30

1.35 × 10-1

15.2

3.19 × 10-8

0.010

10.7

-8

0.002

FF'

0.004

9

1.79 × 10

-1

5.13 × 10

3.4 Summary and Conclusions
This study explored modeling the piezometric head profiles of the UFA in the Silver
Springs area by applying karst dissolution chemistry and subsequent conduit evolution, and
confined groundwater flow conditions. Piezometric head data on the UFA were obtained, in
which extracted head profiles revealed nonlinear behavior. The evolution of karst conduits was
simulated, and the modeled head profiles (K-model) overlapped the observed head levels,
suggesting a strong presence of karstic systems. Although the modeled head profiles from the Kmodel were associated with laminar flow for all cross-sections, dissolution is ongoing and at
some point the flow regime will become turbulent, which would imply a greater tendency for
flow to pass through conduits. As for groundwater flow with leakage, modeled head profiles (Lmodel) also approximately matched observed head levels, with reasonable aquifer parameters,
however, the RMSEs were nearly one order of magnitude larger in some cases than in the Kmodel. This implies that the UFA can be more accurately characterized by the K-model
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compared to the L-model. In areas where karst features are present, karst dissolution shows
potential in modeling conduit segments.
In addition to the K-model reproducing observed heads, the K-model can also predict the
age of a conduit segment. Although initial assumptions on fracture size, length, and chemistry
dissolution parameters may vary, one can compute head profiles across time and compare them
with observed levels until an overlap occurs at a specific time, which would imply a current
conduit’s age. Based on the analyzed head profiles, the K-model predicts approximately 9 – 54
Myrs for the conduits to achieve the observed head profiles. More accurate mapping of karst
conduits and their geometries would help improve conduit age prediction, relative to the geologic
age of the present rock that makes up the UFA (~25 – 50 Myrs).
For an area that is karstic like the Floridan aquifer, applying dissolution chemistry to
simulate karst conduit evolution allows for the modeling of the conduit geometry and head
profiles over time, as well as the age of the present conduit features. Thus, there is potential in
utilizing karst dissolution chemistry to model existing head profiles to characterize karst systems.
This information could potentially improve decision making regarding human activities, such as,
groundwater pumping, and other interactions that may indirectly induce sinkhole activity.
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CHAPTER 4: PARAMETER INFLUENCE ON KARST EVOLUTION

4.1 Introduction
As noted from the previous Chapter, the karst evolution model can yield different results
depending on the initial conditions specified in the model. Modeling complex karst aquifer
evolution requires knowledge of hydraulics and chemistry, therefore quite a bit of parameters can
influence the output result of a simulated karst conduit. Earlier studies have applied karst aquifer
evolution models based on dissolution chemistry with different initial conditions and have
yielded different results, specifically breakthrough times. Here, breakthrough times are
commonly referred to as the point at which conduit flow transitions from laminar to turbulent
conditions (i.e., when flow rates suddenly increase by several orders of magnitude) (Clemens et
al., 1996; Dreybrodt, 1996; Dreybrodt and Gabrovsek, 2000; Perne et al., 2014).
Initial conditions used by Dreybrodt (1996) yielded a breakthrough time of about 17 kyrs.
Later simulations done by Kaufmann and Braun (1999) and Kaufmann (2009), using their own
unique conditions yielded breakthrough times of 47.5 and 20 kyrs, respectively, highlighting the
variability of breakthrough transition times depending on how a representation of a karst fracture
(or conduit) is initialized. Siemers and Dreybrodt (1998) calculated breakthrough times for
conduits with differing occupation probabilities, and their results indicated that changes in
breakthrough times follow a power law behavior, with differing power-law slope values. This
chapter also explores how varying initial parameters can affect breakthrough times of conduit
flow, which suggests that karst aquifers are spatially heterogenetic in nature. The chapter is
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structured as follows: Section 4.2 discusses the methods, Section 4.3 provides the results, and
Section 4.4 summarizes and concludes the chapter.

4.2 Methods
Both hydraulic and chemistry parameters are selected and tested across different ranges
of reasonable values. For this analysis, these varying parameters are input into the karst evolution
model which is run until the breakthrough transition is captured. The time in which breakthrough
occurs is recorded and then compared with other breakthrough times for each parameter range.
Here, the hydraulic gradient, i, initial conduit radius, r, calcium equilibrium concentration, Ceq,
low order kinetic rate, k0, and conduit length, L, and diffusion coefficient, D, are varied across a
range of possible values to observe their sensitivities, and to explore how karst dissolution
depends on different parameters.
As far as the ranges are concerned, possible realistic values for each parameter are
considered. The ranges of parameters are as follows: i varies from 0.005 – 0.2, r ranges between
0.015 – 0.100 cm, Ceq varies from 5 × 10−7 − 5 × 10−6 mol/cm3, the low-order kinetic rate
changes between 2 × 10−11 − 8 × 10−11 mol/cm2-s, L varies from 500 m – 4 km, and D is
varied from 1 × 10−7 − 1 × 10−3 cm2/s. As a reference model, the initial fracture radius
(diameter) is set at 0.025 cm (0.050 cm), the gradient is set at 0.05, whereas the calcium
equilibrium concentration is 2 × 10−6 mol/cm3, kinetic rate is equal to 4 × 10−11 mol/cm2-s,
conduit length is set to 1 km, and diffusion coefficient is assumed to be 10-5 cm2/s. These values
are summarized in Table 7. Essentially, each parameter is varied within its specified range while
holding the other parameters fixed to the reference simulation. Details on the karst evolution
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model and computations can be obtained from earlier studies (Dreybrodt, 1996; Kaufmann and
Braun, 1999).
Table 7 – Summary of values used for analysis.
Parameter
i
r
L
k0
Ceq
D

Values
Reference
0.050
0.025 cm
1 km
−11
4 × 10
mol/cm2-s
2 × 10−6 mol/cm3
1 × 10−5 cm2/s

Range
0.005 – 0.200
0.015 – 0.100 cm
500 m – 4 km
−11
2 × 10
− 8 × 10−11 mol/cm2-s
5 × 10−7 − 5 × 10−6 mol/cm3
1 × 10−7 − 1 × 10−3 cm2/s
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Figure 16 – Flow rate evolution over time for the reference simulation. Note that breakthrough
time is 20 kyrs.
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4.3 Results and Discussion
4.3.1 Examining conduit feedback
Figure 16 shows the flow rate as a function of time but does not indicate the flow regime
(i.e., laminar or turbulent). The Reynold’s number can be simply computed for each time step
and then plotted with respect to time. Figure 17 displays how the Reynold’s number varies with
time, using the Reference conditions in Table 7. Note that at a time of 20 kyrs, the breakthrough
transition intersects with the critical Reynold’s number value of 2200. It can be seen that
breakthrough is not only associated with the several orders of magnitude increase in flow rate,
but also with the transition from laminar to turbulent flow conditions, which ultimately affects
the conduit evolution. This breakthrough feature can also be visualized by plotting the conduit
profile.
Figure 18 shows a sample plot of the conduit diameter along with its length. The different
curves occur at a specific time in the simulation. The horizontal plot at the bottom corresponds to
the initial simulation time, i.e., the initial condition of the fracture, here taken to be 5 × 10−4 m.
As dissolution progresses, the subsequent curves at later times indicate the conduit is evolving
non-uniformly in shape along its length. However, at about 20 kyrs, the conduit experiences a
sudden increase in diameter. This reflects the conduit’s response or feedback to changing flow
conditions (from laminar to turbulent). From this point, the conduit reverts back to uniform
conditions, since at this point the dissolution mechanism has progressed along the entire length
of the conduit. The topmost curve corresponds to the end of simulation (50 kyrs). The
breakthrough features seen in Figure 16 – Figure 18 are ultimately affected by the surrounding
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aquifer hydrology and chemistry, and analyzing the sensitivity of karst evolution can explain
how flow conditions respond to changes in local aquifer conditions.
4.3.2 Sensitivity observations
For brevity, only breakthrough times are plotted against parameter values (see Figure 19).
However, note that breakthrough times can be inferred from plotting flow rate values with time
(such as in Figure 16, from which the inferred breakthrough time is 20 kyrs), since modifying
parameters would result in a unique realization of Figure 16. In Figure 19a, the hydraulic
gradient was varied across a range for a specific initial conduit size. This was repeated for
several initial conduit size values. For smaller initial diameters, data points were limited, due to
limitations in computation. As seen, breakthrough times are longer for smaller initial diameters,
which require more time and computational power to solve. However, trends show consistency
across all diameters. From the figure, it is clear that for a smaller hydraulic gradient (i.e., flatter
ground surface), the time required for the flow to transition from laminar to turbulent is very
high, since travel times are much slower for smaller gradients, which slows down the dissolution
process. The breakthrough times decrease as hydraulic gradient increases as flow travels faster
and would dissolve at a quicker rate for steeper slopes. A power law regression was fit to the
data, and the power law slopes range from -1.1 to -1.3.
Figure 19b shows the variation of breakthrough as a function of calcium equilibrium
concentration. Similarly, the variation follows a negative power law behavior. For lower calcium
equilibrium concentrations, the flowing water quickly become saturated, which limits the amount
of dissolution that can occur, prolonging breakthrough. However, for higher calcium equilibrium
concentrations, the opposite is observed. In addition, the flowing water can dissolve and contain
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more dissolved calcium, enhancing conduit enlargement, lowering breakthrough times. The
resulting regression slope is -1.2.
Figure 19c shows the change in breakthrough as a function of low order kinetic rate. As
can be seen, as the kinetic rate increases, breakthrough times increase as well. For higher kinetic
rates, the reaction between the calcite and the water occurs at a higher rate. This enhances the
calcium flux intake, however as a result, the water becomes saturated quicker. This limits further
dissolution, which slightly increases breakthrough times. Overall, the sensitivity is not relatively
significant, yielding a power law slope of 0.26.
Figure 19d shows the influence of initial conduit size (i.e., radius) to breakthrough times.
As expected, the smaller the conduit size is, the more dissolution (and time) it takes to achieve
breakthrough. Whereas for larger initial conduit sizes, because the discharge is higher, and the
flow regime is closer to turbulent conditions, not much additional dissolution is required to
transition to turbulent flow, which leads to reduced breakthrough times. The power law slope is 2.75, and when compared to the other power law slopes obtained here for other parameters,
suggests that the initial conduit size has some influence on breakthrough.
The conduit length is varied over a range of values and the corresponding breakthrough
results can be seen in Figure 19e. In general, shorter conduits experience more dissolution as
length is limited. Hence, conduits are enlarged, and breakthrough occurs relatively early. For
longer conduits, the dissolution throughout a conduit is limited to the saturation point of the
solution. Therefore, additional flow and dissolution is needed to further dissolve and enlarge
conduits over its length, increasing breakthrough times. The slope of the power law regression is
1.3.
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Lastly, the diffusion coefficient influence on breakthrough times is shown in Figure 19f.
In particular, the diffusion coefficient becomes important for smaller values. After some
threshold, breakthrough times do not change considerably. Here, diffusion influences how much
calcium flux is being transferred from the limestone to the discharge. Conceptually, for low
diffusion coefficients, the calcium flux is reduced as discharge is flowing through a conduit.
Since the solution slowly approaches saturation, it is able to dissolve more calcium the further it
travels downstream, which speeds up the breakthrough process. For higher diffusion, more
calcium is being transferred to the solution as flow progresses. Calcium saturation is achieved
earlier, which then limits the amount of the limestone to be dissolved by the solution, prolonging
breakthrough times. The power law slope yielded a value of 0.232. The power law slope values
for all parameters are listed in Table 8.
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Figure 17 – Reynold’s number as a function of time for the Reference conditions. The flow
pattern becomes turbulent at a breakthrough time of 20 kyrs (see Figure 16).
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Figure 18 – Conduit diameter profile over time using the Reference parameters. The bottom and
top plot represent Δt = 0 and 50.0 kyrs, respectively. Note the bottom plot is straight, indicating a
linear, uniform conduit. Subsequent nonlinear plots indicate non-uniform conduits. The sudden
jump in diameter represents breakthrough, which occurs at Δt = 20 kyrs (see Figure 16).
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Figure 19 – Breakthrough sensitivity analysis as a function of a) hydraulic gradient, i, b) calcium
equilibrium concentration, Ceq, c) low order kinetic rate, k0, d) initial conduit radius, e) conduit
length, L, and f) diffusion coefficient, D. A range of initial conduit diameters in a) were also
tested along with hydraulic gradient values.
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Table 8 – List of power law slopes from Figure 19.
Parameter
i
Ceq
k0

Power law slope
-1.1 to -1.3
-1.2
0.262

r

-2.751

L

1.31

D

0.232

4.4 Conclusion
It is observed that karst dissolution can be influenced by several parameters, namely
initial conduit size, and one can get an idea of how karst conduits would enlarge given the
parameters of its surroundings. These results indicate that most of the parameters tested show a
power law relationship with breakthrough time. Interestingly, some parameters are directly
proportional to breakthrough times (kinetic rate, conduit length, and diffusion coefficient);
whereas other parameters are inversely proportional to breakthrough time (calcium equilibrium
concentration, and initial conduit radius).
Observing the power law slopes in Table 8, the kinetic rate, k0, and the diffusion
coefficient, D, appear to have weak influence on breakthrough times, as the magnitude of their
power law slopes are smaller relative to the other power law slopes obtained. Hydraulic gradient,
i, calcium equilibrium concentration, Ceq, and initial conduit length, L, show some influence on
breakthrough times through their power law slopes. Lastly, initial conduit radius, r, appears to
have the most influence on breakthrough times, yielding a power law slope of -2.75. In fact,
these sensitivity results, for the most part, follow the same trends compared with the results from
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previous conceptual studies (see Siemers and Dreybrodt, 1998; Kaufmann et al., 2016).
Furthermore, the results discussed here can apply to karst conduit networks. A karst conduit
network consisting of fractures and conduits may evolve in response to its surroundings, which
then suggests that karst conduit networks evolve differently in unique location settings.
Subsequently, groundwater processes such as contaminant transport are influenced by the
presence of karst and the dynamic karst evolution process. Therefore, the knowledge gained here
can improve understanding of karst aquifer evolution, especially for different geographic
locations, which can ultimately improve better management practices.

69

CHAPTER 5: MODELING KARST CONDUIT NETWORKS

5.1 Introduction
Karst systems consist of networks of underground conduits, which can influence
groundwater processes. Over time, the dissolution process occurring in conduit networks can
lead to the formation of different types of caves (Palmer, 1991). The evolution of individual
conduits that make up a network depends on the initial fractures and hydrologic conditions of
aquifers (Dreybrodt, 1996; Kaufmann and Braun, 1999). Moreover, certain fractures evolve
faster than other fractures within a network, which can form preferential flow paths under
different flow conditions. Preferential flow paths are defined as paths that are least resistant to
flow (Groves and Howard, 1994; Howard and Groves, 1995; Siemers and Dreybrodt, 1998). Due
to the time scales at which karst aquifers evolve (i.e., tens or hundreds of thousands of years)
(White, 2002), observing and understanding karst network evolution is best done by numerical
analysis (Groves and Howard, 1994; Howard and Groves, 1995; Clemens et al., 1996; Siemers
and Dreybrodt, 1998; Kaufmann and Braun, 1999).
Groves and Howard (1994) observed during laminar flow that preferential flow paths
tend to form along paths directly between a network entrance and exit; also, flow paths parallel
with the hydraulic gradient evolve faster than paths perpendicular or at some angle with the
hydraulic gradient. Howard and Groves (1995) concluded that during the turbulent flow regime,
karst network flow paths become less preferential and more generally distributed, leading to
maze-like formations. Based on these studies, a question of interest to explore when simulating
karst networks is understanding how the conduit size evolution propagates throughout a network,
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and how boundary conditions affect the overall development of a karst conduit network. Another
aspect that can be studied is the evolution of a conduit’s potentiometric head over time.
Observing the head evolution may provide information about a conduit’s development stage (i.e.,
early development, before breakthrough; or later development, after breakthrough).
In this chapter, a karst conduit network is simulated in the Silver Springs springshed near
Ocala in the central Florida area. The Floridan aquifer is dominated by carbonate rock across
Florida, which can impact flow patterns and processes (Miller, 1986). As a result, the central
Florida karst region has been previously studied due to its distinct karst and physical features,
ranging from caves and sinkholes (Florea and Vacher, 2006a; Sepúlveda, 2009; Langston et al.,
2012; and Sandhu et al., 2018) to aquifer characteristics and groundwater flow (Marella, 1999;
Shoemaker et al., 2004; Williams and Kuniansky, 2015; and Xu et al., 2016). Cave diving and
exploration has been conducted to further study and survey mature caves (Florea and Vacher,
2006a). However, for early cave systems, surveying efforts become challenging and models can
be applied to characterize cave and conduit systems. The presence of karst conduits and their
temporal evolution can induce changes in potentiometric head values (Perne et al., 2014).
Temporal potentiometric head changes can then have implications of groundwater processes. In
addition, in central Florida, groundwater pumping has increased in recent years due to increases
in drinking water demands (Shoemaker et al., 2004), which also induce reductions in hydraulic
head levels (Ghasemizadeh et al., 2016). The response of potentiometric head to karst network
evolution is explored further to observe head changes with respect to karst configurations.
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5.2 Data and methods
To simulate a karst conduit network, observed potentiometric well data are obtained from
the SJRWMD, from which a head field was generated using kriging methods (see Figure 11a)
(Kitadinis, 1997). From this head field, a smaller, rectangular-shaped head field within the Silver
Springs springshed was extracted for simplification purposes. Within this head field, a square
grid consisting of perpendicular conduit segments is defined. The karst conduit evolution model
(see e.g., Groves and Howard, 1994; Dreybrodt, 1996; Siemers and Dreybrodt, 1998; and
Kaufmann and Braun, 1999 for model details) is applied to all conduit segments in the model
domain to simulate conduit growth and evolution.
Karst conduit network evolution may share similar properties as other networks (e.g.,
river networks; Rodríguez-Iturbe and Rinaldo, 2001; Abed-Elmdoust et al., 2016; AbedElmdoust et al., 2017; Hooshyar et al., 2017; and Hooshyar et al., 2019) as its evolution can be
governed by energy equations, and requires several criteria that need to be satisfied. The first
criterion requires that flow rate, 𝑄, entering and leaving a junction is conserved. This is achieved
by applying the following continuity equation at each junction:
∑𝑄 = 0

( 5.1 )

The next criterion states that the total head loss (∆ℎ𝐿 = 𝐾𝑄𝑛 ; where 𝐾 is the pipe resistance, and
𝑛 is the pipe flow exponent) around any loop of conduits should equal zero. This can be done by
applying the commonly known Hardy Cross method of successive iterations (Cross, 1936; Mays,
2011), by computing the flow correction, ∆𝑄, for each loop, and applying it to the corresponding
conduit segments that make up a specific loop:
∆𝑄 =

− ∑ 𝐾𝑠𝑖𝑔𝑛(𝑄+∆𝑄)(𝑄+∆𝑄)𝑛
𝑛 ∑ |𝐾(𝑄+∆𝑄)𝑛−1 |

( 5.2 )
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From the Darcy-Weisbach equation, for 𝑛 = 2, 𝐾 can be expressed as:
𝐾=

8𝑓𝐿

( 5.3 )

𝑔𝜋2 𝐷5

These two criteria given by equations 5.2 and 5.3 are checked for and satisfied during each time
step in the simulation to help validate the network generated. The convergence threshold for the
flow conservation and the Hardy Cross method was set to 1 × 10−8 , which was satisfied for all
calculations.
The following parameters were used in this study, ϵ = 0.002 cm, υ = 0.012 cm2/s, CT =
0.9(Ceq), k0 = 4 × 10−11 mol/cm2-s, Ceq = 2 × 10−6 mol/cm3 and D = 10-6 cm2/s is assumed. In
addition, the length (i.e., spacing) between all conduits in the grid is assumed to be 100 m,
whereas the initial diameter of all segments is considered as 0.010 cm.

5.3 Results and Discussion
A sample plane view extract of the observed potentiometric head field is shown in Figure
20, and the associated contour map is shown in Figure 21. Here, flow moves in the southeast
direction. For simulation however, flow is allowed to enter from the left side and exit the right
side, and the top and bottom edges are considered to be no flux boundaries. In addition, the head
values at the boundaries are fixed throughout the simulation. Figure 22 shows the same
potentiometric head field as a surface. Figure 23 shows the conduit segments within the network,
represented by their diameter thickness. Here, the initial conduit diameter is defined as 0.010 cm.
For this run, the karst network evolution model is simulated for laminar flow only and stops once
turbulent flow begins to occur in a conduit.
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Figure 24 shows the evolved head field after the simulation ends, which would occur
after 390 yrs. From the figure it can be seen that the head field experiences a general increase in
potentiometric head, which is also observed in the contour map in Figure 25. As dissolution is
propagating across the network, the conduit segments at the entrance of the network are enlarged
more than the conduit segments at the end of the network. At the entrance, the head loss across
the larger conduit segments are reduced, which explains the increase in potentiometric head,
particularly near the entrance. The head field in Figure 24 matches the head surface in Figure 26.
This behavior further continues along the northern portion of the network, and makes it way
downstream, resulting in an emerging preferential flow pattern along the southeast direction (see
also Figure 27). Since turbulent flow sets in at t = 390 yrs, the simulation is terminated, and the
flow pattern has not been fully developed along the entire network. However, the emerging
preferential flow path can be indicated by the thicker conduit segments shown in Figure 27.
Thicker lines indicate larger conduit segments, suggesting that the flow passes along the upper
portion of the network before heading downwards at some angle. One observation as to why the
upper portion of the network develops faster than the lower portion is due to the gradient
configuration. The gradient along the longitudinal direction is greater than the gradient along the
transverse direction. The longitudinal gradient has a greater influence on the preferential flow
path evolution, while the transverse gradient has a lesser influence. The flow rate associated with
the end of the simulation was computed for each conduit segment and is displayed in Figure 28.
Thinner and thicker segments indicate smaller and larger flow rate values, respectively. As can
be seen, the dynamic evolution of potentiometric head as a result of karst dissolution can induce
flow rates to change directions, which can eventually induce backflow to occur in conduits. From
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the figure, the black color segments indicate flow moving in the right direction or in the
downward direction. The red color segments indicate flow moving in the left direction, or in the
upward direction. These flow rate values are more apparent from Figure 26.
5.3.1 Broader impacts
Karst dissolution not only leads to the formation of emerging networks but can also
induce backflow within these networks. Backflow or reversals in karst springs can potentially
have negative consequences regarding the quality of groundwater resources (Gulley et al., 2011).
For example, surface water consisting of nutrients from surface sediments may enter karst
aquifers, which could degrade fresh groundwater resources. Nitrate loading in particular has been
observed in Silver Springs and could adversely affect ecosystems (Phelps, 2004; Quinlan et al.,
2007). Furthermore, spring reversals can introduce water with certain chemical compositions,
thereby altering the aquifer geochemistry (Gulley et al., 2011). As a result, calcite dissolution
would be impacted, which would then impact karst conduit network formation. In addition,
dynamic temporal changes in climate (e.g., precipitation, streamflow) may further influence flow
patterns in karst aquifers, propagating more backflow (Joigneaux, 2011). In essence, not only can
simulating karst conduit networks indicate preferential flow paths but can also provide
information regarding conduit discharges and their flow directions. The understanding of karst
conduit network generation, as well as the knowledge of local climate conditions in a given
spring can further improve the knowledge of how these distinct processes interact with each
other and the impacts they have on the state of the karst aquifer.
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Figure 20 – Sample plot of observed potentiometric head within the Silver Springs springshed.
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Figure 21 – Contour plot of initial potentiometric head seen in Figure 20.
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Figure 22 – Surface view of the observed (hence, time = 0) potentiometric head field shown in
Figure 20.
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Figure 23 – Initial conduit network with initial diameter of 0.010 cm for all segments.
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Figure 24 – Potentiometric head field at the onset of turbulent flow.
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Figure 25 – Contour plot of potentiometric head at the end of simulation (see Figure 24).
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Figure 26 – Surface view of potentiometric head of the simulated karst network at the onset of
turbulent flow. Note the nonlinear behavior of the head surface as a result of non-uniform
conduit network.
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Figure 27 – Diameter thickness of the karst network at the onset of turbulent flow. Based on
aquifer conditions, preferential flow paths begin to emerge. Thinner and thicker segments
indicate smaller and larger conduits respectively.
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Figure 28 – Flow rate thickness at the end of simulation. Thinner and thicker segments indicate
smaller and larger flow rates respectively. The black color indicates the positive direction (right
and down directions), whereas the red color indicates the negative direction (left and up
directions).
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5.4 Conclusion
As a case study, a karst conduit network evolution model was applied to the Silver
Springs springshed in central Florida. Using observed well data on potentiometric head, a head
field was constructed via kriging which was used as the basis for conduit network evolution. The
applied head field, along with initial assumptions on aquifer chemistry and fracture geometry,
resulted in a unique realization of an early karst conduit network. From here, preferential flow
patterns began to emerge, and flow patterns were slowly defined. Interestingly, the studied
potentiometric head field evolved in such a way that induced flow to change directions, which is
a key aspect to monitor in karst network simulation. As discussed, these changes may have
certain implications on karst aquifers. Nutrient loading could infiltrate into springs,
contaminating groundwater. Temporal climate changes can further instigate backflow into karst
conduit networks, potentially adding additional nutrient loadings into aquifers, which would be
adverse for ecosystems.
For an area such as central Florida that is susceptible to both sinkhole formations and
anthropogenic activities (i.e., groundwater withdrawals), a sound understanding of the interaction
of aquifer hydraulics and chemistry, and also local climate processes is essential for maintaining
water quality and resources.
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CHAPER 6: CONCLUSION

6.1 General conclusions
Karst systems in Florida is unique to its hydraulic and chemistry properties pertaining to
the Floridan aquifer, and one can see how important it is to understand the nature of the Floridan
aquifer from a hydrologic and chemistry standpoint in order to accurately understand and model
processes such as contaminant transport, and karst dissolution. Given that Florida is subjected to
sinkholes (Figure 1), an accurate understanding of aquifer properties, as well as knowledge of
adsorption capacity of certain minerals as a potential pollutant adsorbent (Jambor and Dutrizac,
1998; Sajih et al., 2014, Sandhu et al., 2018), can pave the way towards modeling contaminant
transport and determining implications to drinking water quality. The adsorption process shows
potential in reducing radioactivity levels in contaminant plumes; however it may not be always
efficient, depending on geographic setting, for instance. More adsorption data for several
minerals may lead to improved models and observations regarding plume transport, as well as
decision making.
The presence of karst aquifers may influence physical processes, such as solute transport,
differently. To improve knowledge of karst dissolution in natural aquifers, karst dissolution
models, based on dissolution concepts and experiments obtained from eariler studies (Dreybrodt,
1990; Palmer, 1991) can effectively model flow patterns and conduit profile changes as a
function of time. Moreover, karst dissolution models can simulate changes in hydraulic head
over time, and conduit ages can be extracted based on head profiles for certain fractures. This
karst model was applied to the Silver Springs basin in Florida, and was able to reproduce head
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profiles for extracted fractures mapped out in previous studies (Vernon, 1951; Florea and
Vacher, 2006a) better than models assuming one-dimensional groundwater flow with leakage.
Interestingly, the karst model predicted conduit ages that were for the most part reasonable to
prior reports of aquifer age in the Silver Springs region (40 Myrs). Moreover, flow rates show
increases over time, due to continuous dissolution. This implies that at some point, although it
may take some time, flow rates would eventually become turbulent and may adversely affect
natural processes. Although observations are specific to hydrologic basins, such as Silver
Springs, this type of analysis can be applied in any natural setting, which may lead to unique, but
meaningful results.
In fact, karst dissolution is governed by several parameters, making this physical process
complex and dynamic. Calcium aggressive water reacts with the limestone rock, causing it to
dissolve as water flows through fractures in aquifers. Water continues to dissolve the limestone
rock until it is saturated, in doing so causing the fracture to grow in size, especially at the fracture
entrance. This induces flow rates to increase, which then drive the dissolution process again.
This feedback mechanism shows the strong linkage between chemistry dissolution and hydraulic
flow patterns that govern karst evolution.
Furthermore, most individual parameters show a power law behavior with breakthrough
time, suggesting some influence in the overall process. Notably, the initial conduit size (i.e.,
diameter) has the most influence out of the parameters tested on karst dissolution, while the
kinetic rate and the diffusion coefficient did not appear to show some influence. It has also been
observed that some parameters are directly and inversely proportional to breakthrough time.
Results are consistent with prior simulations and can certainly improve knowledge of karst
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features as better decision making and overall water resources management continues to be
refined.
A case study was carried out on simulating karst conduit network evolution, based on
observed potentiometric head well data. Here, the head field domain, as well as the initial
conditions on aquifer chemistry and fracture geometry resulted in an emerging karst conduit
network. Potentiometric head values monitored over time suggest conduit flow rates change in
downslope direction. Characterizing the conduit evolution also revealed preferential flow paths,
which show similar behavior with the flow rate values. From the results, backflow in conduits
occurs, which could have implications on karst aquifers. An improved understanding of karst
network generation and basin climate can contribute to better management of water resources.

6.2 Future research
As an extension to this research, simulating contaminant migration in the presence of
both conduits and soil rock would be interesting to explore if the migration would travel further
distances in less time, as opposed to assuming homogenous soil conditions. Perhaps this could be
a more accurate way of characterizing plume migrations.
In addition, the karst evolution model could be expanded to simulate both laminar and
turbulent flow. For added complexity, using a triangular irregular network (TIN) to represent
conduits oriented in different directions could be employed to simulate network evolution. At the
same time, processes such as recharge and infiltration can be incorporated with the model. The
network evolution can then be further studied to observe its response to different natural
processes and settings.
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